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noutron =pproton 4= electron + neutrino —»
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- . | . / P
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(w& is ‘Moﬂy ﬂ) ma-nu;.

Knipp and Dhleubeek studied m lwnm radiation Wy both metiods
vian
and obtained consistent results, -m redla

ves enleulated by Rumer Spte uoeand‘and - bner% farat mothod.
Tho Rifference betwaen their results will be considered latere dBmmgesy
'& consider the upnllnbn ity of the ueol;’ simpler mothod to thi~

pmbl‘.
¥s atart frop the Direc equation in the form

4v==[(:tf>+ﬁ]4’
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£ ot .o (210 4n e ‘form of sp?nricn! wani‘ with nnm ar momantim
tion of paas..m
3 2 m\irn eorrespond? W Ypormitted® t:nnntiom. This uivu a sol=
J- Lk S0 e
the
'y typos with conpleto wmlar nowent'm &9 j@l1/2y for .
uti~n of two type i . e
fire!, the orbital momentum D.;am for the sdoond, h. In ea
31e0trons
daprstood terminology, We eall them rupoeunlr the o= nnd p=o .
B”:irplo cdouhtiou from the Dirne equation in polar ooordina_ml,

: Yoas g °

Towe rhtain for

l‘_ .C' 0, l-cfuﬁmb H .
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y= No{ = T+7 o0 2z
ey (!
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1. 'J-i, -1, p-ohetronl

* = N' E-:-" _*%) (218)

E-'
0

35+.<3¥+¥?&>
"? =Ni{ L 2

S+ /™ (ran)
L,
. u,

when therr is a apin of # of -Q m the . direction. loresver,
u= J-Q , P = “ Er*—I|
, and Ty ars amind ooommur. ®hich axe detereined fron the condi-

sion that the current is equal to \ou ‘slectron per sscond, For the cur-

rant in case I, we obtain L 2pXx

()= Nogepm o
mMMch disappear nore npmy than 1/r2 # great distane
ces are Aiscarded. Similar exprestions m obtained for 3y and Jg. The
total ourrent through :-pmxm surfecd of redius

N -1
£rom which Ne ® Fﬁ—;— | | : (24a)
In a sinilar wiy, we obtain M b f;g_}: | : (24b)
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100
I¢ the betaspartiole l.nmt- with the rediation field or wils ew o
tron ED m ﬁdtcr m%ihu nm. which is deseribed Wy & pPlane
»
wave. To this wutm

» divestly the rediation or uu pertubhing
ilmﬁtinlwl'!t‘\ to

ternine
R gic ‘“of‘“doemm in the final state 1s a plaoe wavel
The

iy . (25)
* ‘w ’ e - n 4he
ghere u! 1s thedQgimmer spin tensor ('lp!.mr!),. depandenee upd

i 23 T (S, B2, .,,)

"'|

(2%a) or
(am
e (B 0,1)
) EI
¥e obtal oonnoquontl the ~u.rront nnr\ euntpn, 1 1 impe g-tulf—‘
e 0 0,

Ot Gﬁurﬂai w Qollbh,. m fm ‘u wuru [ VIar it . » Dhr'\- L “oee
(]

T 3;“& = o\*(up"‘:(% e”

p ' -awt o
21
substituted & Tha po"mtml lag the sazo tipe de-
Lere we Lave '
. - (-‘.t) mo PACtOr can b rapmrs\wfa’q.\d ve
..C.-H-b); Mo 1m0 £A
pandency

PAlercbery

tho WwTEIte o\ -s8an in a form {ndependent of time
write o i va T

A-o-.-*l-—wu*(\P wP)
g a9

w u‘ﬁ cury Qnt ﬂml cwgo (2 ‘) fo!‘ a cﬂm in

.:uf ?&P‘.‘ 0

(27a)

X3
uity equations div ¢

- d"’.'; ‘ﬂf"o A (28);

OHFIENTIAL

| . \\wh '
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T ‘!\\\
|“:II“‘£:‘;"\"¢‘ A ' | ."-

7 og

= j!f\ + (' D b \\

\

- | o ezw;.‘ft&f!gw RS

::‘l EII ‘ Q' k‘ _‘L (ltl / ';; } | .aic
Physhially, the hasie for this is {umediately ‘lear. We are dis- )

Jay¥; but we ere not ochsidering the decrears o

1eatron .
aussing & divorging eled IR 4 :n'a|c .)ﬂﬁ oohtl*ﬂ!‘ equlition

‘ nuoloﬂ' chagge. For Dires
rollowe rrnu the Dtne oqmtigu this e “
ynliA for tho 2ero point{ aipme ;here O poes to infinity. "

1eal noanlnugnd the poum‘.hl fdhurlr#' From this in 1 o' (

e
dcrlnmn, bowgverT, coanes t.o.

vithouv phys
tupn donn oot asticly the condition

T A=A o (210)

to,’ )
ansnTye Gonsoquently, wo pust intoeddce in ’
is alwaya, \minuo- |

i tei 1y OWMYOr, neo
corretponding tQ tha esharge which

m (P A
e ) .ﬂ"ul ecopstant in ordar w uw—

senra~y dorn th oA
Ty porsiflae with at o¢

A
Caty the €ontima’ 4 eruation.

1 \ — ) 7,
\. . - LR o e ial] \{ m 4 the l\mﬁtlou% ‘ o
\ . A ™ T a0, (> muat une a speci.al form o
K r .r | we w t‘ ) res - ) 2ad '.\ot'!,ronsj lw
Y r 1L "LH.'WL‘.\ four caref, 1.0.. 8 vﬂ (]
Mareover, N R1M ‘

‘ “ " . LR al f ml Btﬂ'ﬁ ] mr Lk'i or OUP()ﬂim
{ I in 1 v 11’\. ] b] {onl ’ ﬂl . L]
bl f ".l\‘ ‘ek t LY. L ﬂ p-l ke "p . chﬂ cus
\ { \ s, ¢ ” .]‘Jc‘mn lﬂd di . ins,
e Y N

: J
"'x - alpr- r)
At in (27e  chdn nuwer si uv to 3_ » N A.»- P P 'F

P ; \E_E’f_".»glﬂl' r
e e R LR B
% u ﬂxord. C" v %;-’% ﬁ“;;:‘”?‘ﬁ ‘ " ,
1 |
~ :i;;:"‘: c"ieﬁ?ﬁ»g%mm

Inbomtua ruiu} respedt to a ®p

Sa v-eQ\‘m&‘f'EéT:‘ (as
It r=p0, tgis c“rou;pn tends to
ow “ mr:;ﬂ fgbm (28) as ﬁ’

%
-:B”’
€
%_
(]

2
b
R

ttr)'dﬁ,

) T 1°n t
from vhicht{ id’sooﬂ Qhat ' 1s the Dlrao et o v
© . 0 a
. o '
~ . © 5 :
; L :
v, }1" ,
h:; ‘ ' 0.

¥ hﬂ» * .l ats ‘h e et ' .
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L2
. 3 ¥ }
N WT‘ R U, i ;;}”'".‘3:"'!.{"'.,‘,2‘;4 o
R Lk ~," e e e S S ,
N AR 1A
v 1;0‘ JN*{*‘“‘: quN"D’NMWQ & A

e

' WK“- P)-—("‘LQ\ ‘.\i ) Q L \i' r, Q‘ -
J y- P
nyuuuu- Mlﬂn.nﬁhh?ﬂde obarg® for the

of.
ou"&"’i‘w‘ -"!“‘%‘“ n

wn.,-.’ {F"TMJC. /%.— /);"i;:.

Purther, we tbnt un additiroal charge for the osse of op=

pasitely dtreoted epina, how for "gﬂ mu. oas @9 sore.
In the onse of bigh enargies £ P2, B! ,1, ve have in both oames

-
P ) ;‘r;u D Alewber Seo
Consequently, for hiph 'onurries, ihe/® vquntlon in bérrect

form with an aditinnal membor fe1 .

AA=+oP A ==-4ﬂ°‘ ’”‘9) a0r) : (40n)
‘!’
A+ P = —‘#ﬂﬂ*[@“ﬂ"’ (30b)

Thus, we se: ?‘m.. “hy a\df‘ntohﬂ anm omy. in tho replar POM ol
u;.ﬂﬁ. sho poetsr moter Mn r'nnnoamntl_y, all effects danendinp

only pon vector potentlal crn be ououlnud simply without the addition- .

al m In partimalar, Knipp and Uh.loﬁoek;lud alsc Rumer, were able

to obtnin the ocorrect romu booause they ancnhkd the radiatiot on'l:

for the vector potential, However, this wae meibmrto a oertain don

gree; 4 oné ﬂiéu’inm;m radiation from the vesior potential sepord- —

o CY g
ing to the rules Qf. domol, Mmt the correct scalar

pounthlr satisfying conditian (28a) oomm:na %o this, Bu.t this holds
tume only zhen $hp S4IAL \ﬁu munt. ,

In &W e \
Qun\mumu ;f Seveaple of Au&%. srust bu taken into ?/
conntdafl) g, Yo Lungpues of #).Fm%m (onlenlated by Kolier)

S m%ﬁ-m{mwﬁ'&-mw te pesten ;’!"””B .
’“‘mm ' - r 'smdn

. 1y the muclear charge
ﬁumqq,mw ~immt«-un Panally !

“
- L T )

T ’-w ‘depmm }‘; i

b
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La deoressed b "";:" ‘”w“‘“ﬁ s quantom appears.

Howsver, the same effect aay taie place in such a way that the neeleus ad-
sorbe an eleotron from the K-lavel wiAh radistion of & quantum and sbsorp-
tion of & neutrino, This process, bewever, beomes inpossibey if, follom-
ing lumer, we apply the asthod of spherical waves to the positron, In zhh
un%hn least emitted quest (] il'. while for absorption of an elec-
tron u: snergy 18, only mo? fthe energy of the uug_ocr__:_gﬁuu o..1.
culat Ator heavy nucled, the sbeorption effect may be oconsiderable.

It might be thought that we are dealing with & similar phencmenes in
the case of pair production, Ihieh?/m.ng to the symmetry of the '.honry?/
is possible bot—h&r electron and h positron decayf a9 consequently 7’&,
applying the method of spherical waves, we would obtsin an incomplete ef-
fect. This is not so, however, because the free energy lideratad ir the
-absorption of a K-olectron is l.qu't.hm 2:? and is thus insuificient for

puir production.
4s Finally, we calculata patr pooduction in beta-decay by the method

of spherical waves, .
must determine the enpansdon soefticienta in *he

Fourier potential integral from equation (30)A then substitute them in (u)LL
and integrate with ruflct. to k md', as in the case of gamma~decay. This
. would hwol.q‘n error, however; for we sust take into comidortwlon pot on-
1y ‘the field of the beta-electron, but aleo the static weight of ita final
state _lnd”in uddi'.ion?‘hn exchange with Mhotm in the negative state.
We adopt the -o-uihtnorn approximation snd will consider all three
particles in the £inal state as free. Consequently, the m:‘
will be plans waves of the form ¥ (2). According to the well-known for-

mila 57 the perturbation§ of the first opder, the probability .
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AR iy ; - gv’?f‘z;
;‘v)' : ..;'Ml ..*‘ A L] : *r‘*.*l o) . "%é};‘“ ‘
. | Lo ¥ ,u ey v’ L T
S Mmmm,,+ VFoh
oo o ) . "'a“_y ) \Y‘
. | VL e -{-::-wma{.-r-eu--u A1)
of pair produstion’'ls

i

lbnsdl'mm"duofﬂn' Iﬁﬁt p\dﬂn-
al atates) B.and Bg are the enevgles’ Y ﬂn tcn ad mrda}ﬂ
the ou-mm dee too qug-n.‘ap'-ap.'a”'m'rzo. -
vhﬂl\ I\ﬁm&“ﬁﬁqm.’?y.

Ithhp‘o:i:r MMWMW“”M!&M\
paire (mord oﬂ" ;& ,.m bt tws nmm one poattron) witd
respect to direction fu’.b |set general case. vanr, thie forsula is
very cdpl % and integration with rnpoet
to dicht.lou ‘6‘* w ‘owt-only for ‘.ho u-mm; ppaes of nﬁ. and
high omrmn. We will cbéain a real -1npunut1m 1! from the very be-
ginning we limit ourselves to these bouddary cases.

a) We discuss firet the limiting case of 3 energies. The minimua
energy neoessary for pair production is 3 (3mc? in the usual uniu.). Con-
nqnentl:’/tor mall mrgl:l:l:“;!, Eq®1, £.% ), L@ 1, all mnu. '
awe small in comparison with unity. As we have seen in secti;:_nﬂfl’, padr !
production i.n thh npprcx.iu‘tyilo‘n c‘hpond- only upon the nc€j and’ not up- .
on the ucuu' pptonunl. e can tiwrefore Liali ourselves to t.bo differ- ¢ 'f
ential equation ‘ * (] bﬂ'

AA+ "I-A——-—-l‘.ﬂ“*(*l%‘q‘? --...--.. . (30.) L.F "a"l .
in which the additionsl SabRS dossmnct enter.
@;@u\ﬂu Shodesigaviome: &, re. = W, ﬂ"?* *?

Owing to ddon 1n.(31) &-&'= & LY LR X
We multiply equation (30b) scalarly w ' _._.'I:"

wt (I8, )= (ul“&’u,,)e -

and integrate SNSugiesk the spece. The 1At side of the squation the:i is

.j(u- Vu )S “h(AA-O- ‘A)Jv =; ..i (v-o u.,)at__ g)j -'\= Adv

- u‘(w‘-—t)j@.ﬁq \Jvu (u‘-wk‘\)V g ‘v:.: -
.. (onrmsun. S E

! A IR C
e e ...m.u;h,p;..u;.. RO PO R .

L e : artusal rl&‘au-}b‘m

- G -
W .‘ xk Jif ) | ' 1
R FR I I :. . il
! K“' o " ‘ o '
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COMEINEaT A

| (32)

where V is tiw mm elaent of pﬂmmlm. From the right oido. we ob-

R a..,)S(.,m.. Qi g
==X RO, o

if we substitute ﬂn following lpln tensor for v

T N’c AR+Pr dy (%)
then with the help of (16), (17), (22), emd (23). we obtain fde following
ex)ressions for the s=~electron, if we d“ k¢p = q in dependence

w’ﬁnet—w )
ALy
1(’5%‘ E+|) (38) .

MU “.N‘ (°: ulvl_ﬁa _:,ﬁ_!_)

and for the pbie E+ ) E+!

-——""—"—' (é—," =41, 0)

(36)
‘f’”' ﬁi-..Jl ‘)
’ e 033), ‘M ﬂ'nobtdn'
- ww ) ' N
V- [VE [T 8 “)'l-..ﬁ (lf.. o ‘."f)(VMO\V) (37) |

or, written differently v

V: -‘fv-q{ E. *’Eo)"—' (ar:; 5 (“,";‘H)(U*Q‘V) (38)

#s conaider now 4he cu:lump bet! o beta-electron und ﬂ’ electron

MK ng anPcymacfie
in the negative stats, by anttijumebmindag tlw functions of the uoetron*
& - soufonelong

ilithout consideration for sxchange, the An th» initial
and final states were respedtivaly p(1) P(2) and “1) $h(2), where the

numbers in parentheses fepresent the first and second electrons. The anti-

symetric Soge ns for the initial and final atates will bet
y=g@oyo-gep0) [
p =iz (0 -wz)'b.(”)

ONHDFHT'M_

T—-»n. . ’-.‘.- .v-‘ <‘l
\T"!h
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W '

RPN .'.'m*f"- (mmmm\t |
' i(v.‘i‘ m)(u,“‘u')( U ) vaae)
(CR,+E) - c}‘-r'f )’]FE-»EO‘-—(E,'..." ,‘ d|

The metrix elemset of pe
una ¢ (u*Ru
__"a: (u +)

thmmdﬁumv,ﬁu’u«f |
Vis must now - "‘3 -tth respect to the spins of tln'u particles in
the final mn.-. It 4o omhnt ta:ln o withh respect to the ppin
of & bou-plnhh = %h- w.t.w. state and divide by 2, For the ampli-
tude of the plane wave, we oan take Cesimir's well-known equation
-‘ /
z U Wy , (42)
The apin tenser v s not the saplitude of the jlane wave, but is con-
sructed -Lg_ln-lv and duton only in thut q is not a momentum belong-
Ipd for the s-ebect .
ing to E. By dinct noulnuo&w)-"-s 05‘* +/9 E-ﬂ) ]( |
Z"‘V - -—r E*"[ 7 2 %5»«3 zce+n "W
and for the p—oloctron

;v‘v (417N0 E—l[(-k ),&-5'_*_'(‘_’)- /3&:_@ ,//

2 (E<1) 2 (E~y) W)
If we use Ln expressiang, wo can - .caloulate alv’ in the usual way

.
by eneuht.uc theair mm prodwu. The result becomes pr-
ticularly simple if we make wse of the fact tm the energy is low and,‘oh-
ply sot w3, g*sE =E'= |, P ye..q:r

| =R =P = \,_a =0

» ,.T P 1 . (49)
For tw p-oloﬂ-m, n ¢

;. Vita

"mnlmumﬂ'oh

PYeTI—

'-uuu.

M 8inee m—np alveys

" oonddlst of s mixture w--*m,n*umuma
m o low cm‘lu o r'-;.‘*'!» g e
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It we aublti';ut‘o (46) .;nto (fd set Lp'm Yup E/dE’ ,

’ / —
we obtaln Ay = 1o ‘J(: f},h(E‘E""‘E . WD
”' 3 B
Now we must intmyrate with respect to all energies in the region defined by

(L5). '
Ve aasume s /A7507 8 ) asd oul) R'-1= &, Bo-l = &, En-Loby
. ' d :
From (46), we then have W == )’dw= -;;;:.J (u8)
with 3:."‘.. S !‘,é;f.’df.dl,dh 8 (‘C- 3- E\""il— i)) s . (49)
f..4,.4, >»\2 2 2
1f wo oot 8. mx2, Bymy2, € 182, -3 w af, thin
: '
e J"’j‘?‘n’z&xdyde . S(x*ij'-f—e —ﬂﬁ(sm
The integral must be taken witi respect to the entire sphericul surface.
From the well-known formula t’,l'ﬁ'?‘ s2b-at)u §(r'-a*) 'a_"“‘l'_‘("“)
L ‘,.m,‘,‘_ggmn "..-“‘4-'-01“‘" a8 (5‘.3ff

we obtaln J 1 %

I -t E O
Substituting in (.L.71)., wo finally obtain
' Fald ?a, s ‘,&
W= 2E o (s1)

_AxY sE=3met Vs

) == -— .
B Spor (Tmer

b) we now move to trhu limiting cuse of high energles.s W1, We take

or in the ordinary unive {5ia)
and later provn thut the vssontial region lt'or complete probabllity of pair
production is the enorgy region 1€ Wk i (52)
conaampatiiili, t.h.ft.:r’;:i‘ozlt where the cauplete energy of the palr is great
in comparison with the potential energy but emall in comparison wdth the
¢norgy of the particle, ‘
T we Sotetn £ E— I PpRE~w WmETp’ L ()
It follows directly from this that uchqo sy be di garded rér high en-
argles, nin.e‘o“ ‘.hu process in which the MA-ML«M lkttle energy .
. (_:q iaAiméori..‘inh h_gi") 'l'helr'\ trmpqliuc;m of electrons will correspond to high
enargy .. Hvaluation of the exchange memhews confirme this rebult.
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CONBIRENTIAL

he fora
o votzate formula (31) with the help of k and ¢ in W
df";f d’ St‘ £ 't*-!-}‘”f ‘2, Fr E.Wﬂwl’d.ﬂ.fo .
¢ dp- Y |

But, socording to pechgon 1
nd—owmenmenshy WMU'J tare'l 5

2235 2k R
sud zemsequee®y oy = ﬁ?ﬁ Pig, |

, froa (12), we can take ]
“0\1 l';l‘ .&r;“md.“ 5 ’r »-' ,w."K. ‘2) ( A“u'ﬁih’).
A BT G e

Thun, Wa new need only determine the Pourler coefficints Aki. ’kw
1]
(30) by Joxpl(~tkr) md
0). For this purpone, we nult.LpLy
froa oquut.i_?.n (3 Peiedyiat ) -A“ 9)‘,‘4 ,
"I:‘{,b,‘ " -’ }.\

. !
Lot Y“ ) ‘1(“* 'jPAV'.‘TT‘-'
o™ T v L )(’ ?)e F VT

integrate A ;.';:

cany

)’ TRl A g
& U] o=
or according Lo (34) .~ . "4"'\.____ (., i.v\
o YW t) "1
n M
. o= - = qu V\+fﬂ XA

ransfer to high
If u' and v are substituted trom (25) lnd (35) lnd we b

e the s- and p~olectrons!
enorgics according to (53), :o obtain for both
dria

e e y)‘i'z ( F’\»—E'a) ('s.s)
(.t v (e —F & c“ ,)-'-’ | /:B
Wa. ut t.ho z-ax.io ong t.m débection p a2 IE /

(56)
)

The riretm& in the parentheses

®BIN B a g W

r, if it were
nitudes disregnrdod herej it would be a uturnfw however,

ite
uddittonnl u.xu (53), wo wr
not II'I : . 1' 7_ ’ ‘

wo Va=E W lr."'a w*
snuuzuungin(sk)s-mm .

o G-y =@

o[ == NI TE s (s +j—>ékdm;
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N 2

muﬂhﬂﬂ‘! AL

The first integrutdion with respect to the angles i1 the k space 18

o TR s Lot e
e 1n0.roduco the new varinble y? oF-k¢ and consider QM

tagration 1<€ g ' (sm .
Then Ku u.Jz-z , kdk = =ydy. ‘ ) 3

Tig ) 4 (P

n view of (S'I) we, cun write ln)und of the rr@

w2235 (g §3-5 = 3*1"

1 Uahd .
or, 30 Lhe usunl unit.- ww " /.? _.». . (58)

>

consuquently, A - m.‘ 7}1
20

1

P
In conclusion, we note that it would have pon!.hlo to arrive at the

anw result by iillinne nathod, &P making use of the fact that an elec-
eron with enevpy E o s wquivalent tu a 89t of light quanta:

Wi dam= _____,(7 - u.

Al mupayinim 40rENLE 120" to tha light qunntl. 0f course, at firet gAMnce

(59)

the applicability of thid aiasle method here is quite unapparent. However,
ainca wa have groved thn corradtness of this method, it .can be umd?/df’

by uaing slac th- loau hinnbe"k formuls toritmmibuuon of poaitrons
W wo cen m.ult,lp4v it by (59, and thus obtuin the »MW
'd.stribution of pulra ‘m (ﬁ*ﬁ ) —

a) - “1_ i 355& ‘t“ —-

The logaritmic coonlcilnte reduc«

‘l Lo zero, one at Wwis® E. ™ h and the oth-
or for small #e (upproximately e > B * 2) -
|

| This confirms the correctness of our consid-

. /
\ ering only the region of ing,ogrntion given

. by (52), .
- ﬁ'mﬁ, the curves for (51) and (58)
Fig. L L are represented graphical and fo=ho-oesn

1]
et qulte good intorpolau.onA x.i't.n for intermediste energies.

| COMFIDT A | \

Declassified in Part - iti;
n Part - Sanitized Copy Approved for Release 2012/03/07 : CIA-RDP82-00039R0001000500;
: - 24-0



Declassified in Part - Sanitized Copy Approved for Release 2012/03/07 : CIA-RDP82-00039R000100050024-0

, ¢ tRAL

We see that for ardinary energics of bou-pmlcloﬂ’w pro;buuy of /
patr produstion is of She order of 1078, while Alikhunov found thie probab-
11ity \o be of .the order of 1074,
Wo now discuss briefly several factors which we have disregarded.
1. e dhreﬁurdcd the maclear ri'old and have considered the electronu @
as froa, su that we do not havo & good aporaximation for low enwrgles. Oid-
rogurdinp this field, however, only increases the offect. .
2. we have caleculated only the effect of tha first appraxination, pre-
portional to% 1n adiition, thern in u second ordur efloct, proportional
Lo cbe?. it is hlanly impopmable,hhowever, that. this would produce sub
stwitial cccrestions. This can be seen from the sim'Llur eircw.stances in

pair production during gumia-decay. i } and 8 of Hosn and Uhlenbeck

show that the 3crn approxiaatéon, whicl"in plmilar to ours, yives good cor- .

respondence wit) Fulme and vager's accurat rosuts.w
pendence it ‘) ‘

[
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st meem i .
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